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Introduction 
 
Currently, there are no interventions that restore body functions after chronic spinal cord 
injuries. The objective of this report is to detail a plan that addresses the unmet need in 
the spinal cord injury treatment market for a low-cost therapy option that will yield 
significant functional improvement and an improved quality of life. A novel treatment 
system is developed by differentiating neural stem cells from adult stem cells. While 
other cell therapy options have been explored, neural stem cells are advantageous 
since transplants with tissues derived from adult stem cells generally have lower rates 
of immunogenicity and tumorigenicity. Additionally, their ability to self-renew and 
differentiate into the three major cell types of the central nervous system makes them 
highly desirable for further differentiation to treat a wide array of injuries. 
 
Process Overview 
 
A production facility has been designed to carry out the manufacturing process starting 
with vial thawing and ending with purification. The process involves optimizations of a 
magnetically stirred cell suspension bioreactor for expansion, a low shear microfluidic 
bioreactor system for differentiation, a dielectrophoretic cell separation microfluidic 
device, and a UV-C lamp-radiated virus inactivation system. 
 
Expansion 
 
A vial of adult stem cells are provided to the company for each batch. One vial contains 
333,333 adult stem cells. Given the starting conditions, the first task is to thaw the stem 
cells and culture the vial to increase production amount. In order to successfully culture 
adult stem cells, the following is taken into account: 
 

● Any agitation in the expansion process must remain low to decrease any shear 
stress on the cells.  

● The bioreactor must be a size that accommodates the desired expansion rate.  
● Culture time must be optimal to decrease the process timeline.  

 
First, the uncultured stem cells are placed into a sealed incubator chamber with 
adjustable temperature and CO2 level control to thaw. Then, they are transported to the 
bioreactor to expand. To meet conditions for expanding adult stem cells, a Hamilton 
Biolevitator automated incubator and magnetic stirred cell suspension microcarrier 
bioreactor is used (Figure 1). The bioreactor contains four separate 50mL vials (for a 
total bioreactor capacity of 200mL) in which the cells are placed along with the culture 

 



medium mTeSR1. The cells are then cultured for 6 days with an agitation rate of 45 rpm 
[10]. Half of the culture medium is replaced everyday throughout the process. 

 
Figure 1: Setup of the bioreactor portion of the expansion system which includes control 
panel for convenient manual interaction. 
 
The Global Eukaryotic Microcarrier (GEM) is a compressible, porous alginate coated 
with a gelatin to allow cell attachment (Figure 2). Within the alginate core of each GEM 
are magnetic particles that allow for homogenization of the GEMs and easy culture 
harvesting. Each GEM is between 75-150 μm in diameter with a surface area of 
170cm2/mL. The attachment rate of cells to GEMs is 30%. The cells that attach to the 
microcarrier increase 45-fold by the end of the culturing time period giving an output of 
1.17 x 107 adult stem cells per batch [10].  
 

 
Figure 2: A model of the Global Eukaryotic Microcarrier used in the suspension 
bioreactor.  
 

 



The cells are then harvested via an automated process provided by the Biolevitator 
using an enzymatic accutase solution to rinse them out [7]. These cells are then 
transported to the differentiation stage.  
 
Differentiation 
 
Adult stem cells are seeded into non-cell-adhesive round-bottom microwells to promote 
formation of embryoid bodies (EBs). The microwells are formed by stamping 
low-melting-point Sigma Aldrich agarose. The non-adhesive nature of the agarose leads 
to spontaneous aggregation of the stem cells to form one EB approximately 450 
microns in diameter in each microwell after four days. EB formation is highly dependent 
on cell seeding numbers and can thus be controlled by controlling the initial seeding 
density in each microwell. The cells are loaded into the microwells with an automated 
pipetting system at an optimal input density of 3.5 × 104 cells per microwell which gives 
nearly a 100% rate of formation of uniform-sized EBs [5]. Four 96-well plates will be 
used per batch. 
 
Using the automated pipetting system, the cells are added to another agarose hydrogel 
within a polydimethylsiloxane (PDMS) mold containing fibroblast growth factor 2 
(FGF-2). At day five, the plated EBs generate an outgrowth of flattened cells while 
small, elongated cells form at the center of the differentiating EBs. By day seven, the 
central, small, elongated cells generate rosette formations that resemble the early 
neural tube. Formation of neural tube-like structures is noted in 94% of the EBs. 
Approximately 78% of the cells within these structures are columnar rosette cells which 
indicate successful differentiation of neural stem cells, and the remainder are 
undifferentiated flat cells [14]. This gives approximately 8.58 x 106 differentiated neural 
stem cells that are mixed together with undifferentiated cells, which are fed into the 
separation process. 
 
A low cost Arduino board-controlled perfusion system is used to deliver oxygen into the 
culture through perfusion channels in order to maintain cell viability (Figure 4A). Arduino 
code is used to program the motor speed to deliver fresh culture medium containing 
dissolved oxygen at a flow rate of approximately 200 uL/min. A housing component for 
the Arduino board and EasyDriver chips, and a fluid-pump attachment for the stepper 
motors are 3D printed with acrylonitrile butadiene styrene. Rollers on the pump head 
are formed by Teflon tubing placed between a vertical pair of pump head holes and 
secured with a Philips machine screw and hex nut (Figure 3). One unit can be 
programed to deliver fluid to up to twelve separate hydrogels (two hydrogels per motor) 
[4]. 

 



 

 
Figure 3: AutoCAD sketch of pumphead attachment for stepper motors. There are six 
posts that allow for smooth oscillatory fluid pressure as the pump rotates. 
 

 
Figure 4: (A) Hydrogel block in a PDMS mold with two perfusion channels. (B) Example 
of the custom perfusion system consisting of one 50 mL conical tube, a PDMS mold to 
pour in the hydrogel, a motor with the pumphead and motor bracket, and the electronics 
housing unit.  
 
Separation 
 
After the differentiation step, the mixture of differentiated and undifferentiated stem cells 
is fed to a dielectrophoretic microfluidic separator to ensure that only differentiated cells 
are collected. This separation is important, because it has been shown in studies that 
implanting patients with undifferentiated stem cells can cause complications, such as 
cancer. Dielectrophoretic cell separation has shown potential for separating cells with 
different dielectric properties [15]. In addition, cell sorting on microchips provides many 

 



advantages over conventional techniques, such as simplifying complex protocols and 
reducing use of biohazards [8]. 
 

 
Figure 5: A syringe pump sends DMEM to be oxygenated in a serpentine gas 
exchanger channel then into a microfluidic separator. The mixture of differentiated and 
undifferentiated cells is sent through the upper channel. 
 
Before the separator, a syringe pump is used to flow a DMEM solution through a gas 
exchanger (Figure 5) to saturate the stream with oxygen necessary for cell survival. 
Highly gas-permeable tubing will be used to allow optimal oxygen diffusion into the 
DMEM solution. The nutrient-rich DMEM solution will also focus the cells on one side of 
the channel. From this, the dielectrophoretic force can selectively repel the largest cells 
in a stronger manner due to the proportionality of the dielectrophoretic force  with the 
cell volume. This allows for isolation of differentiated stem cells, which have bigger 
diameters than undifferentiated stem cells [14]. The larger, differentiated cells will exit 
out the lower outlet because the dielectrophoretic force is stronger on them [3] 
 
Device fabrication can be done at the University of Minnesota Nano Center, which will 
provide photolithography chemicals and equipment. To fabricate the separator, a 20 nm 
titanium adhesion layer is first evaporated onto a 4-inch glass wafer. A 200 nm of 
platinum is then sputtered and the wafer patterned to the separator geometry [3] 
through photolithography. Microchannels are made using a 40 micron-thick SU8 layer. 
Once the wafer is diced, each separator electrode is connected to a printed circuit board 
to ensure that voltage can be applied to execute dielectrophoresis. 
Polydimethylsiloxane (PDMS) is used to seal the microfluidic channels and the 

 



separator is fixed onto a piece of plastic. Sterile plastic tubing, which are connected to a 
microfluidic pump, are attached to the separator inlets and outlets. 
 
To study the system, COMSOL Multiphysics is used to create a model and determine 
the properties of this system. The AC/DC module was used to simulate the electric field 
within the separator, while the CFD module was used to simulate flow. For CFD 
module, creeping flow was chosen to represent flows with extremely small Reynold’s 
numbers. To study particle transport, the Particle Tracing module was coupled with the 
the CFD module and the AC/DC module (Figures 6, 7, and 8) 
 

 
 
Figure 6: Electric potential profile of the microfluidic separator. Potentials of 1.5 V and 
-1.5 V were applied, alternating between each electrode in the channel.  
 

 



 
Figure 7: Flow profile of the microfluidic separator. The lower inlet velocity is 853 μm/s 
and the upper inlet velocity is 134 μm/s.  
 

 
Figure 8: Differentiated stem cells are flow into the lower outlet, while undifferentiated 
stem cells flow into the upper outlet. A separation factor of 1 was reported by COMSOL, 
indicating 100% efficiency.  
 

 



The COMSOL simulation showed that after 3 seconds, after sending in a stream of 
differentiated and undifferentiated stem cells, the differentiated cells, because of their 
larger size, were repelled by the dielectrophoretic force and migrated towards the lower 
outlet. Because the fluid flow and electric field in this simulation are at steady state, it 
should be safe to assume that the cell flow is also at steady state after 3 seconds. From 
this, 100% efficiency can be assumed for this separator based on the simulation results 
(Figure 8) 
 
Because each device has an area of only 0.0004 mm2, using a standard 4-inch wafer 
(8107.31 mm2) would be able to provide more than enough devices for extended use in 
the process. The process is, however, limited by the number of microfluidic pump 
channels available (24 channels per pump). Because of this, only 24 separators may be 
run in parallel. From this, it was calculated that 7 hours to separate a single batch of 
cells after differentiation, assuming a 1.5 second cell residence time in the separator 
and that each cell were released 1 micron apart from each other in a single line. 
 
Quality Check 
 
Once fed through the separator, the solution should contain only the differentiated 
neural stem cells.  In order to verify the composition of the solution, a quality check is 
performed.  The quality check consists of utilizing ImageJ to quantify the ratio of 
undifferentiated cell to the differentiated neural stem cells.  Hundreds of images of the 
test sample for each batch can be examined almost instantaneously by utilizing Matlab 
to create a program that will selectively discern each cell on its own and then perform 
the necessary calculations to arrive with a detailed analysis of the test sample. 
 
The program makes use of the differentiated neural stem cells having a different 
geometry than the undifferentiated cells.  The different geometries leads to a difference 
in area of the two different types of cells that could be present in the solution.  Knowing 
that not each cell will be exactly the same size, a histogram of size distribution can be 
constructed.  If there are very few or no undifferentiated cells remaining, the distribution 
band will be relatively small and one ‘hump’ shall be observed in the histogram. 
However, if there is a significant amount of undifferentiated cells remaining, a second 
‘hump’ shall be visible signifying that separation was not completely successful. 
 
The size of the distribution band and the number of humps observed are the main 
analytical tools resulting from this automated quality check.  If two humps are observed 
or, mathematically, the band width is greater than a certain threshold value, the batch is 

 



to be fed through the separator again once the machine is checked to be functioning 
properly. 
 
The program is developed using real images taken of the cells going through the 
process in order to create an automated procedure of image analysis techniques.  If 
images used to create the program are taken in optimal lighting conditions that are 
different from what will actually be utilized when in the manufacturing process, the 
quality check will yield inconsistent results.  This being the case, the quality check is 
created once a test batch is put through the process.  To further minimize automated 
errors, differentiated cells will be stained using neural stem cell specific antigens.  The 
stained cells will be easier to identify in the routine means that the program will be 
utilizing. 
 
The purpose of this check is to ensure that there is a level of quality control for the final 
product.  As a new and relatively small company, confidence in the quality of the final 
product will be a major selling factor. Additionally, as a relatively new and experimental 
form of treatment, it is crucial to produce high quality batches. 
 
Virus Inactivation & Centrifugation 
 
An important consideration is to make sure that any viral components remaining in the 
solution are inactivated.  A variety of methods were considered, but ultimately virus 
inactivation through UV-C was chosen due to its ability to function without altering the 
conditions of the solution.  While other methods might subject the solution to high 
temperatures for short periods of time, UV-C rays will not alter the temperature keeping 
the cells intact and functionable.  The pH of the solution is also constant while under 
UV-C exposure, further ensuring that functionality is unaffected.  Below is a table for 
UV-C dosage extrapolated from data reported by American Air & Water for a lamp 
operating at 253.7 nm [12]. 
 

 

 



Table 1: Virus Inactivation Table 

 
Figure 9: Plot of UV-C Dosage for various log inactivations 
 
One thing to acknowledge is that the dosage is calculated under a very controlled 
environment which may differ from that of the actual manufacturing facility.  This dosage 
is calculated using data for a substance that is located 1 inch away from the UV-C lamp 
[12].  If additional space is found to be required, the lamps have been shown to follow 
an inverse square law to determine the intensity.  For the calculated dosage, studies 
have shown that the cell functionality is not impaired by being exposed to UV-C rays 
[13]. 
 
Once the viral components are killed, centrifugation is required to extract them from the 
rest of the solution.  In order to separate the viral components, a differential velocity 
centrifugation is utilized to create a gradient of components based on their 
sedimentation rates.  These rates are a result of the species’ mass, density, and shape. 
Since the viral components are smaller than the neural stem cells, it is assumed that the 
viral components separate to the top of the solution.  Once this is done, the top layer of 
the solution can be extracted by using a pipetting system to create a purified product. 
The completion of this process results in a sterile batch of neural stem cells that can be 
packaged and shipped. 
 
 
 

 



 
Packaging 
 
The stem cells are encapsulated within a semipermeable alginate hydrogel that is 
chemically inert, structurally uniform, and biocompatible. This method of preservation 
subjects the cells to minimal manipulation while maintaining their viability and 
phenotype during transportation. Use of the hydrogel discs is advantageous in 
comparison to the conventional method of cryopreservation which has been proven 
unreliable due to the toxic effects of dimethyl sulfoxide. Additionally, the hydrogel discs 
can be stored at room temperature making it a simpler and more cost-effective 
alternative. 
 
Sodium alginate powder is suspended in DMEM as a stock solution (Appendix 2); the 
stock solution is mixed with suspended cells followed by addition of strontium chloride to 
gel the mixture into discs. Gel discs are formed using the automated pipetting system to 
pipette 480 uL of solution into 3 cm circular molds made from chromatography paper. A 
1.5 cm x 1.5 cm nylon mesh square is inserted in the center of the paper ring in order to 
maintain the structural integrity of the gel during storage. The mold and nylon mesh are 
saturated with strontium chloride before the alginate solution containing the stem cells 
are pipetted into the ring. A second 3 cm diameter paper disc saturated with strontium 
chloride is placed over the alginate assembly. The gelled alginate discs containing cells 
are then removed from the paper mold and exposed for five minutes to an excess of 
strontium chloride solution to complete the gelation process.  
 
Each disc is 2 cm in diameter, 2 mm in thickness, and can hold 3 x 105 cells or 3 
dosages (Figure 10) [1]. 29 discs are needed per batch. The discs will be prepared 
while the cells are still in the differentiation step and stored in room temperature away 
from direct sunlight until needed for use.  
 

 
Figure 10: A photograph of (A) the alginate gel disc, and (B) gel disc with nylon mesh 
after 5 days. 

 



Since the manufacturing facility is designed right next to the Mayo Clinic, a courier can 
deliver the weekly batches. This eliminates the possibility of damage to the cells during 
shipment, and it enables quick and efficient transportation of the treatments.  
 
Process Logistics and Timeline  
 
A vial of 333,333 undifferentiated adult stem cells is provided for each batch. The 
process takes approximately two weeks long. A total of 52 batches per year will be 
produced by starting a new batch every week since once the cells enter the 
differentiation step, the next set of cells can be thawed, expanded, and ready to enter 
the differentiation step as soon as the previous batch is complete.  

 

 
Figure 11: Overview of process flow diagram for each batch including input/output 
streams and a timeline.  
 
Profitability Analysis 
 
The costs associated with expansion include initial purchasing of the Hamilton 
Biolevitator and annual costs of culture medium and accutase wash. The cost of the 
Biolevitator is based on a quote from a similar Hamilton automated liquid handling 
machine.  
  

 



The costs associated with differentiation include initial costs for the automation 
equipment and annual costs for the reagents used in the process. The automation 
equipment used will be purchased from Hudson Robotics and its cost was estimated 
through comparison with similar listed items. The equipment consists of a tower that 
stacks microwell plates, a conveyer that delivers them to other equipment, and a 
pipetting machine that automatically pipettes medium into the plates. Agarose and 
nutrient growth medium are annual costs associated with this step. After embryoid 
bodies are formed, cells are pipetted into a separate hydrogel in a mold containing 
differentiation medium (which includes the differentiation factor FGF-2). Costs 
associated with this step are the cost of hydrogels and differentiation medium, which 
consists of many different reagents in different concentrations [16]. 
 
Facilities at the University of Minnesota Nano Center is used to fabricate the microfluidic 
separator. Since the costs for equipment use are only accessible to current users, they 
were approximated using the NYU cleanroom fees. It is expected that the Nano Center 
will provide chemicals, such as solvents and photoresists, as a part of the user fees. In 
separation, most of the costs are upfront costs, such as for a microfluidic pump and 
tubing. Annual costs include cleanroom equipment use, electricity, and DMEM.  
 
The costs associated with the virus inactivation step include the initial equipments costs, 
utility costs, and annual costs of necessary supplies.  The virus inactivation step will 
require two UV-C lamps  and a centrifuge.  Two lamps were decided to be used to 
increase the amount of solution we can purify at once.  The utility costs were calculated 
for constant usage on a per year basis and were found to be quite affordable.  Annual 
costs associated with this step would include pipetting tips for use after the 
centrifugation to extract the viral components as well as replacement UV-C lamp bulbs 
every two years [11]. 
 
The treatment is priced at $700 per dosage which gives a cost of $4,200 per treatment 
and a revenue of $491,400 per 702 dosages per year (Figure 12). The therapy is priced 
as such based on the average cost of stem cell therapy in the US which is 
approximately $7,000 to $10,000 per treatment [9]. Since the neural stem cells are 
being sent to clinics for further research and testing purposes to advance this treatment 
through clinical trials rather than being directly administered to patients, it is priced at 
about 60% of the average stem cell therapy treatment. Once the treatment clears the 
clinical trials and is approved to be delivered to patients, the company can charge a 
greater price per dosage as the clinics begin to profit off of the patients’ costs. 
 

 



Extensive cost analysis calculations can be found in Appendix 1. From operation 
expense estimates and projected revenue, the profit from this operation was calculated 
(Figure 12). After breaking even in the first year of operation, the annual net profit from 
the second year onwards is approximately $376,000. 
 

 
Figure 12: Profitability Analysis 
 
Safety and Environmental Concerns 
 
The manufacturing facility is planned to be built in Rochester, Minnesota, placed 
strategically near the Mayo Clinic. The Mayo Clinic is a nonprofit academic medical 
center and is one of the leading researchers of neural stem cell treatment of spinal cord 
injuries, so locating the manufacturing facility nearby would cut down on transportation 
costs and would help foster a working relationship between the facility and the Clinic. 
The facility will thus follow directives from the Minnesota Pollution Control Agency for 
general safety protocols and protocols for disposal of pathological wastes. The facility 
should produce pathological waste composed primarily of undifferentiated adult stem 
cells and nutrient medium containing differentiators, none of which should fall under the 
“acutely hazardous waste” classification. The manufacturing facility is estimated to 
produce around 100 gallons of liquid waste a year based on the quantities of materials 
used in the process, which would put the facility in the Very Small Quantity Generator 
classification (less than 220 pounds per month, and less than 2.2 pounds per month of 
acute hazardous waste) as determined from the MPCA Hazardous Waste documents 
and forms.. As a producer of pathological waste, the facility would self-transport waste 
to approved infectious waste destination facilities, one of which is at the Mayo Clinic 
itself. Ideally, the facility would be able to partner with the Mayo Clinic to reduce waste 
disposal costs, but initial estimated waste disposal costs come to $400 for disposal of a 
55-gallon drum of waste, bringing base waste disposal costs to only $800 a year. 
Hazardous waste generators are also subject to reporting, fees, and licensing. The 
production facility would be required to apply for a Hazardous Waste Identification 
Number and pay a license fee to the MPCA based on how much waste is generated. 
Since the manufacturing facility is a VSQG, the licensing fee would range from 
$475-$575 annually. The facility and its waste should not have any environmental 
effects once the facility waste disposal is taken care of.  
 

 



In terms of safety at the production facility, employees will follow general laboratory 
safety procedures, such as wearing personal protective equipment or working with 
potentially hazardous substances in approved safety cabinets. A plan would be put into 
place to deal with any spills or leaks of hazardous materials or wastes, and would have 
stations for laboratory technicians to clean themselves off in case of any contact with 
hazardous materials. 
 
Future Considerations 
 
As the company becomes more established after a few years of operation, it is desired 
to further optimize the expansion process to drive down the cost while maintaining the 
same efficiency and quality of the process. Additionally, initiatives will be taken to 
increase automation in the process in order to decrease labor costs and increase 
efficiency, accuracy, and precision. Since this therapy is currently still in experimental 
stages, investments will be made to advance the treatment through more clinical trials 
until FDA approval is obtained. As the treatment becomes more widespread and 
accessible, partnerships will be established with a greater number of hospitals and 
research facilities in order expand the company’s market share.  
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Appendices  
 
Appendix 1: Cost Tables (equipment, utilities, chemicals) 
 

 

 
 

 
 

 



 
 

 

 
 

 
 

 
 
 
 

 



 
 
Appendix 2: Solution Mixtures 
 

 
 

Cell Growth Medium (per 500 mL) 

DMEM-F12 solution 392.5 mL 

Knockout serum replacer 100mL 

MEM nonessential amino acids solution 5 mL 

200 mM L-glutamine solution  2.5mL 

14.3 M 2-mercaptoethanol 3.2 uL 

Neural Induction Medium (per 500 mL) 

F-12 nutrient mixture 163 mL 

DMEM medium 326 mL 

N2 supplement 5 mL 

MEM nonessential amino acids solution 5 mL 

Dissolved heparin (1 mg/mL) 1 mL 

 
 

 



Appendix 3: Calculations and Raw Data 
 

 

 
 

 



 

 


